1. In freshly prepared isolated rat liver cells there is a lag in gluconeogenesis from lactate. The magnitude of the lag increases with increasing lactate concentration. 2. The lag is virtually abolished by lysine. 3. A few other amino acids (tyrosine, arginine, asparagine, ornithine) and NH4Cl had effects similar to, but less pronounced than, lysine during the early stage of incubation. Lysine was unique in accelerating gluconeogenesis beyond the lag period. 4. The effects of the accelerators are not additive. 5. Glycine, serine, threonine, cysteine, tryptophan and histidine at 2mM markedly inhibit (>20%) gluconeogenesis from lactate. 6. Oleate, which promotes gluconeogenesis from lactate by supplying acetyl-CoA required for the pyruvate carboxylase reaction, had no effect on the lag, yet oleate oxidation showed no lag. 7 12 . The existence of the lag period can be explained on the basis of the fact that the accumulation of pyruvate during the lag diverts oxaloacetate from gluconeogenesis to malate formation, i.e. that the re-oxidation of cytosolic NADH takes precedence over gluconeogenesis. This means that much oxaloacetate formed by the pyruvate carboxylase reaction has to be transferred twice from the mitochondria to the cytosol by the aspartate shuttle. Under these conditions the operation of the shuttle limits the rate of gluconeogenesis from lactate. Lysine and other accelerators may increase the effectiveness of the shuttle by providing components of the aspartate aminotransferases involved. The question of why lysine specifically accelerates gluconeogenesis beyond the lag period is discussed.
We recently reported (Cornell et al., 1973 ) that lysine accelerates glucose formation from lactate in isolated rat liver cells. The effect of lysine proved to be of a catalytic nature inasmuch as the amount of extra glucose formed and extra lactate used was much greater than the amount of lysine metabolized. The present paper is concerned with an analysis of the effects of lysine and of other nitrogenous substances on glucose formation from lactate.
Materials and Methods

Rats
Female Wistar rats (180-220g) were obtained fromU.K. L-Lysine decarboxylase was obtained from BDH Chemicals Ltd., Poole, Dorset, U.K. Other purified enzymes and coenzymes were products of Boehringer Corp. (London) Ltd., London W.5, U.K. Other chemicals were reagent grade.
Determination ofmetabolites
Glucose was determined by the method of Slein (1963) , lactate and pyruvate by those of Hohorst et al. (1959) , 3-hydroxybutyrate and acetoacetate by those of Williamson et al. (1962) , aspartate by that of Pfleiderer (1963) , glutamate and alanine successively in the same cuvette by a modification of the method ofBernt &Bergmeyer (1963) . The cuvettes contained, in a final volume of 2ml, 1 ml of Trishydrazine buffer, pH9 [100mM-Tris-5 % (w/v) hydrazine hydrate-2mM-EDTA], 0.1ml of 2% NAD+, lpmol of ADP, sample and water. The glutamate assay was started by addition of 20ul of glutamate dehydrogenase in glycerol. On completion, 0.01 ml of alanine dehydrogenase was added. The advantage of using pH9 for the determination of alanine rather than pH 10 as previously published (Williamson et al., 1967b) is that the extinction change of the 'reagent blank' is much smaller.
NH3 and urea were determined successively in the same cuvette in the assay system described by Bernt & Bergmeyer (1970) for urea. Asparagine was also determined as NH3 by addition of asparaginase to the cuvette after prior removal of free NH3 by reaction with glutamate dehydrogenase in glycerol. L-Lysine was determined manometrically as CO2 with lysine decarboxylase (Gale, 1970) . Saccharopine and a-aminoadipate were determined by using a Jeol amino acid analyser. The saccharopine used as a marker was a gift from Dr. J. Hutzler, New York University School of Medicine.
Results
Time-course of the acceleration by lysine ofgluconeogenesisfrom lactate When freshly prepared cells were incubated with 10mM-lactate the rate of glucose synthesis was not constant (Table 1) . It was very low initially and reached a constant rate after about 40min. Lysine was most effective during the early stage of the incubation, the mean increase caused by lysine during the 0-20min period being about 150%. Lysine virtually abolished the lag in the onset of gluconeogenesis from 10mM-lactate. Oleate (1mM) which is known to stimulate gluconeogenesis from lactate (Struck et a., 1965) was without effect during the 0-20min period but accelerated it after 20min. Lysine accelerated the rate under all conditions even when it was already increased by oleate.
Effect oflactate concentration on the lag In the experiments of Table 1 the lactate concentration was 10mM. As shown in Table 2 the extent of lag depends on the lactate concentration; it becomes more pronounced with increasing lactate concentrations. The main effect of lysine at different lactate concentrations was again the abolition of the lag. Hence in the presence of lysine the rate of gluconeogenesis tends to become independent of the initial lactate concentration as long as this is above 2mM.
There was no lag period in the synthesis of glucose over a wide range of pyruvate concentrations, and lysine had no effect on gluconeogenesis from pyruvate.
Stimulation ofgluconeogenesis from lactate by amino acids other than lysine
In the experiments of Cornell et al. (1973) lysine was the only amino acid that increased to a major extent the rate of gluconeogenesis from lactate. A minor increase was found with ornithine. These results referred to an incubation period of 60min. When it had been established that the main effect of lysine occurred during the early stages of incubation (Table 1 ) the effect of other amino acids was tested for the 0-20min period. Whereas the calculation of the percentage effect of lysine on gluconeogenesis from lactate was straightforward (see Table 2 ) because Table 3 . 'Uncorrected' assumes complete suppression of endogenous glucose synthesis, and 'corrected' is calculated on the same basis as the data in Table 2 , i.e. the rate of glucose synthesis from amino acid alone is corrected for the endogenous rate. The overall picture is the same whichever method is used; tyrosine, ornithine, arginine and asparagine are powerful accelerators though less effective than lysine. Alanine, phenylalanine and proline fall into a group having small stimulatory effects and a further seven amino acids have no significant effect (citrulline, aspartate, glutamate, glutamine, leucine, isoleucine, valine) . At the other end of the range is a group, given in decreasing order of effectiveness, which are inhibitory (histidine, cysteine, threonine, serine, tryptophan, glycine and methionine). It is already known that tryptophan (Mirsky et al., 1957; Veneziale et al., 1967) and histidine (Cornell et al., 1973) can be inhibitory. The mechanism of the inhibition by histidine will be the subject of a subsequent paper. 
Time-course of the effect of asparagine on gluconeogenesisfrom lactate Although the rate of glucose formation from asparagine was constant during the first hour of incubation (Table 4 ) the accelerating effect of asparagine on gluconeogenesis from lactate shown in Table 3 disappeared after 20min. During the second 20min period the rate with lactate plus asparagine was as expected on the assumption that the rates from the two substrates are additive but during the third 20min period the rate decreased. The initial acceleration and the later inhibition almost balance so that the rate for the 60min period was virtually the same as that expected for additive effects. Very similar results were obtained when asparagine was replaced by tyrosine, whereas phenylalanine had a slight effect only (see Table 3 ). Glutamine, in contrast with asparagine, did not stimulate gluconeogenesis from lactate at any time.
Fate oflysine
The amounts oflysine removed by the isolated liver cells were low in relation to the amounts of glucose formed from lactate, and the increase in lysine removal in the presence of lactate was not significant (Table 5 ).
This bears out the earlier conclusion (Cornell et al., 1973) that the effect of lysine on gluconeogenesis from lactate is of a catalytic nature. Addition of lysine caused an increased formation of glutamate, alanine, NH3 and urea. In the presence of lactate the increase due to addition of lysine after 60min was 1.45umol of N compared with a decrease of lysine of 1.53,umol. Thus only half of the lysine removed was accounted for by the products measured. The deficit was still greater when lysine only was added. There were no increases in the amounts of aspartate and glutamate, and no saccharopine was detectable when the concentration of added lysine was 2mm. There was a small amount of a-aminoadipate (Table  6 ) but this contributed very little to the nitrogen balance. Saccharopine became detectable when the lysine concentration was raised to 10mM provided that pyruvate was also added (Table 6 ). The presence of lactate substantially increased the yield of glutamate, alanine and a-aminoadipate whereas the yield of NH3 was slightly decreased. According to Table  6 addition of oleate increased the yield of a-aminoadipate. Presumably lactate, pyruvate and oleate act by contributing to the synthesis of a-oxoglutarate which is required for the initiation ofthe saccharopine pathway of lysine degradation. Products ofasparagine metabolism Within the range tested, i.e. up to 5mM, the rate of removal of asparagine was directly proportional to the concentration of asparagine. The rate was not affected by the presence oflactate but lactate modified the metabolic products of asparagine in that asparagine nitrogen was diverted from the synthesis of urea to the formation of alanine (Table 7 ). In the experiment of Table 7 asparagine nitrogen was accounted for throughout the incubation by the formation of alanine, glutamate, aspartate, NH3 and urea. Asparagine carbon was accounted for by the formation of glucose, lactate, pyruvate, alanine, aspartate and glutamate when asparagine only was added. The sum of these products (uncorrected for the amounts formed in the absence of added asparagine) (7.80umol) . The main metabolic products of asparagine carbon were glucose and lactate.
The fact that lactate removal was almost trebled during the first 20min period whereas the rate of asparagine removal was constant indicates that the extra glucose formed on addition of asparagine and lactate is due to gluconeogenesis from lactate. The amounts of lactate removed exceeded that of the extra glucose but the excess corresponded to the formation of pyruvate and alanine. Effects ofNH4CI Between 2.6 and 10mM-NH4Ci accelerated gluconeogenesis from lactate but rather less than lysine, the increase of the rate being about 35% during a 60min period of incubation (Table 8 ). The higher NH4Cl concentrations (5-10mM) abolished the lysine effect and 2.5mM decreased it. NH4Cl also inhibited lysine removal, as may be expected on the basis of Fellows' (1973) finding that NH4Cl inhibits lysine oxoglutarate reductase, the first step of lysine degradation.
Otherfactors affecting the lag in gluconeogenesisfrom lactate
As shown in Table 9 the lag seen with 10mM-lactate (Table 1) can be virtually abolished by preincubating cells in the absence of substrate for 40min. Addition of lysine after preincubation still increased the rate of gluconeogenesis from lactate, but the percentage increase was smaller (59% in the first 20min) than with non-preincubated cells [169% in the first 20min (Table 2) ]. Preincubation with 1 mM-oleate was even more effective in decreasing the lag and the lysine effect. This could be connected with the fact (Table 1) added together at a ratio of 10: 1 mm there was no lag in gluconeogenesis (Table 10) . Under these conditions lysine increased gluconeogenesis by 74% during the first 20min of incubation compared with 169% in the absence of pyruvate (Table 2) Lag in gluconeogenesis from lactate in the perfused liver Hems et al. (1966) in their work on gluconeogenesis from lactate in the perfused rat liver did not notice a lag period. This discrepancy between the performance of the isolated cells and the intact liver is an apparent one. In the perfusion experiments 38min were allowed to elapse before the addition of lactate, in order to deplete the liver of the residual glycogen still present after 48h of starvation. Thus the organ was preincubated as a routine. When 10mM-lactate was present from the start of the perfusion lactate uptake for the three initial successive 15min periods was near zero, 138 and 251,umol respectively for 6g of liver (average of two experiments). During the same intervals when 2mM-lysine was also present lactate uptake was 173, 275 and 218,umol respectively (average of two experiments; R. Hems, unpublished work). Glucose release during the first 40min is generally greater than lacate uptake because of glycogen decomposition. Glucose release therefore is not a reliable measure of gluconeogenesis from lactate during this period in the isolated perfused liver. Isolated liver cells, on the other hand, are depleted of glycogen and glucose during the preparative procedure. The traces remaining are shed during the first 20min of incubation. Thus the experimental manipulation of the tissue causes disturbances of the organization of the whole liver and of the isolated cells that can be promptly rectified by lysine; it takes about 40min incubation in the absence of lysine.
Effect of lysine on gluconeogenesis in the presence of ethanol
In the presence of ethanol lysine trebled the rate of gluconeogenesis from lactate (Table 11 ) which means that it abolished the well-established inhibition of gluconeogenesis by ethanol (see Krebs et al., 1969) . Without lysine the inhibition by ethanol was 45% under the test conditions; in the presence of lysine it was negligible. Table 12 . Metabolite changes in cell suspensions on incubation with lactate and effectors ofgluconeogenesis The amounts of glutamate, aspartate and alanine, and the value of the lactate/pyruvate ratio in vivo is compared with values found for cell suspensions. The values are umol of metabolites in 4ml of cell suspension containing 70mg of wet cells. The 'expected value' in vivo was calculated from data for freeze-clamped liver of 48 h-starved rats (Williamson et al., 1967a,b) . The initial concentration of lactate in the incubated perfusions was 10mM and of aminQ acids 2mM. Incubation was for 20min. The values include the metabolites in the suspension medium and therefore do not represent the concentrations within the cells. In separate experiments the cell to medium gradient was found to be about 100 for glutamate and about 25 for alanine; no reliable value can be given for aspartate because it was undetectable in the incubation medium in some cases. It is probably of the same order as the gradient for glutamate. Values given for the cell suspensions are either means ±S.E.M. (three observations) or the averages of two experiments.
Metabolite changes (umol/4ml of suspension containing 70mg of cells) Metabolite changes during the lag As a lag is often indicative ofthe need for a build-up of optimal concentrations of reactants, a comparison was made between freshly prepared liver cells, incubated cells and freeze-clamped liver of the concentrations of cell constituents involved in the 'aspartate shuttle' (see the Discussion section). This shows (Table 12 ) that 50% of glutamate and alanine were lost during the cell preparation; such losses would be caused either by metabolic degradation or by diffusion into the suspension medium. On incubation the concentrations in vivo were restored or even exceeded. This process is much accelerated by lysine and other nitrogenous substances, but since it also occurs without addition of nitrogenous substances, the amino acids must partly arise from proteolysis.
A striking effect of all accelerators was to increase the accumulation of alanine and pyruvate, and to bring about a rapid lowering ofthe [lactate]/[pyruvate] ratio. Within 20min this reached the physiological range of 10-20 (Table 12 ), but without the accelerators 40-60 min were required to attain this value.
Discussion
Common features of accelerators of gluconeogenesis from lactate
The various substances which promote gluconeogenesis from lactate have certain metabolic characteristics in common which provide clues to their mechanism of action. First, all cause an increase in the concentration of pyruvate, and thereby lower the (Table 12) . Fourthly, their effects are not additive, possibly because ofcompetition for 2-oxoglutarate.
The parallelism between glucose and alanine formation may be connected with the rise of the pyruvate concentration and the fact that pyruvate is a precursor of both alanine and glucose. The exceptionally large increases of alanine (up to 70-fold compared with about 10-fold for glutamate and 2-fold for pyruvate) can be accounted for by the fact that the concentrations of glutamate, 2-oxoglutarate and pyruvate in the cell favour the formation of alanine by the alanine aminotransferase. After 20min incubation the mass action ratio in the alanine aminotransferase system [2-oxoglutarate] [alanine]
[glutamate] [pyruvate] calculated from the separate experiments mentioned in the legend of Table 12 was found to be 0.44 in the presence of lactate, 0.35 in the presence of lactate and asparagine and 0.32 in the presence of lactate and lysine, the equilibrium constant at 38°C being 1.52 (Krebs & Veech, 1970) . Thus at the measured concentrations ofglutamate, 2-oxoglutarate and pyruvate the concentrations of alanine, though relatively high, were still three to four times less than those expected for equilibrium.
Nature of the action oflysine Lysine (and other substances which promote gluconeogenesis from lactate) must affect one or several of the following intermediary stages:
Lactate+NAD+ pyruvate+NADH (cytosol) Pyruvate (cytosol) 
(8)
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When pyruvate accumula'tes in the cell another set ofreactions must take place because for each molecule of pyruvate that accumulates one molecule of NADH must be disposed of by transfer to the mitochondria and oxidation by the respiratory chain. This disposal is taken to involve the steps (Borst, 1963): Thus, when lactate is the precursor, oxaloacetate is transferred from mitochondria to cytosol by the aspartate shuttle, but when pyruvate is the precursor oxaloacetate is transferred, together with reducing equivalents, in the form of malate (Borst, 1963; Lardy et al., 1965; Haynes, 1965; Walter et al., 1966; NADH+oxaloacetate -÷ malate+NAD+(cytosol) Malate (cytosol) -÷ malate (mitochondria) Malate+NAD+ --oxaloacetate+NADH (mitochondria) NADH+H++iO2 -÷ NAD++H20
followed by reactions (4), (5), (6) (8), (9) and (10) with those of gluconeogenesis from lactate, but (4), (5), (6) and (7) are replaced by other reactions because gluconeogenesis from pyruvate necessitates the supply ofone molecule ofNADH in the cytoplasm for each molecule of pyruvate used, whereas with lactate as the precursor NADH is formed by reaction (1). The reactions which replace (4), (5), (6) and (7) when pyruvate is the precursor are: Krebs et al., 1967) . In this situation malate is not 'shuttled' to and fro because it arises afresh through reaction (1 la). As this is one of the major differences between gluconeogenesis from lactate and from pyruvate it follows that the site of action of lysine and related substances is likely to concern the effectiveness of the aspartate shuttle. In accordance with this conclusion is the finding of Rognstad & Katz (1970) that in kidney-cortex slices gluconeogenesis from lactate is inhibited by amino-oxyacetate, whereas gluconeogenesis from pyruvate is not. In other experiments this was found to apply also to isolated hepatocytes. Amino-oxyacetate, first used by Wallach (1960) , somewhat specifically inhibits pyridoxal enzymes such as aminotransferases, especially alanine aminotransferase and aspartate aminotransferase (Hopper & Segal, 1964) .
Another difference between lactate and pyruvate as precursors concerns the concentrations of lactate and pyruvate, and therefore the initial [lactate]/ [pyruvate] ratio, as shown in Table 12 . When lactate is the added substrate this ratio changes during the lag, mainly owing to the build-up of the pyruvate concentration through reactions (11)-(14) and this change is accelerated by lysine and other substances. The common feature, then, of the two effects of lysine, a rapid build-up of pyruvate concentrations and the shortening of the lag on the one hand, and the continued raised ultimate rate of gluconeogenesis, may both be attributed to effects of lysine on the aspartate shuttle.
As for the question of how the promotion of the Table 3 ) is explained by the relative impermeability of the liver cell to dicarboxylic acids (Hems et al., 1968) .
Effect ofthe lactate concentration on the lagperiod As shown in Table 2 the lag in onset of gluconeogenesis increases as the initial concentration is increased above 2mM. This can be explained on the assumption that at higher concentrations of lactate the operation of the aspartate-glutamate shuttle is a factorlimiting the rate ofgluconeogenesis from lactate (see Berry & Kun, 1972) because the shuttle also serves to build up the physiological (actate]/
[pyruvate] ratio [reactions (1 1)-(14) and (5)- (7)]. As the pyruvate formed by this reaction is discharged into the medium the volume of the shuttle is very substantial and may be of the same order as that required for the conversion of lactate into glucose (see Table 12 ).
Another way of expressing the situation is to say that, when lactate forms glucose as well as pyruvate, malate dehydrogenase and phosphoenolpyruvate carboxylase compete for oxaloacetate in the cytosol, and at high lactate concentrations the malate dehydrogenase tends to win. Since the malate dehydrogenase reaction in this context is a step towards establishing the normal redox state of the NAD couple (upset by the addition of much lactate) the facts may also be expressed by the statement that optimal rates of gluconeogenesis require the redox state of the NAD couple to be within a 'normal' range.
It is also noteworthy that in spite of the high Km value of lactate dehydrogenase for lactate, about 20mM, after the lag period the rate of gluconeogenesis between 2 and 10mM is independent of the lactate concentration. This confirms that the lactate dehydrogenase reaction is not rate-limiting, a conclusion implied in the recognition that lactate dehydrogenase is an 'equilibrium' enzyme, the activity of which is high enough to establish equilibrium readily.
Occurrence ofa lysine effect in vivo
Whether lysine has an effect in vivo under normal conditions is an open question. As lysine was effective at concentrations occurring in vivo (Cornell et al., 1973) it is likely to function in vivo in situations analogous to the loss of cell constituents during the preparation of the cells. This could happen during hypoxia or during the manipulations involved in organ transplantation; an organ to be transplanted is exposed to the same kinds of stresses as is the tissue handled experimentally.
